The formation of thin current sheets is a common feature of the late substorm growth phase in the magnetotail of the Earth. The location and the structure of the evolving thin current sheet determine the onset and the dynamic phase of magnetic substorms. To determine the formation and further evolution of thin current sheets in the near-Earth magnetotail, we employ a two-uid model of electrons and ions, the Hall-MHD. We start from a two-dimensional tail-equilibrium model and apply a plasma in ow from the lobes to simulate the presubstorm loading process of the tail. Our results con rm recent 2.5-dimensional particle and hybrid simulations which have shown thin current sheet formation, with the majority of the new current supported by the electrons. The Hall-MHD simulations are extended to a current sheet thinning model with three-dimensional driving conditions and di erent magnetic eld boundary conditions. We investigated the changes to the tail magnetic and current structure brought about by the cross-tail magnetic eld components generated by Hall electric elds. For all these cases, the additional current is carried by the electrons, with very small e ects of magnetic eld and driving boundary conditions. 
Introduction
Current sheet thinning is an important process in collisionless plasmas, which can lead to enhanced dissipation due to the current intensi cation. The process of current sheet thinning is well understood in the framework of ideal magnetohydrodynamics (IMHD), where in the simplest case a perturbation can generate in nitely thin current sheets Hahm and Kulsrud, 1985] . Thin current sheets in the near-Earth magnetotail seen in satellite observations Mitchell et al., 1990 ; Pulkkinen et al., 1994; Sanny et al., 1994] are associated with the compression of the magnetic eld in the tail lobes prior to onset of magnetic substorms. In magnetohydrodynamic (MHD) simulations it was shown Birn et al., 1998 ] that thin current sheets form in two-and three-dimensional tail con gurations, especially at the transition from the near-Earth dipolar magnetic eld structure to the tail magnetic eld with its plasma sheet. The thin current sheets form in a region between 6 and 20 R E downtail from the Earth where the magnetic ux tube volume has a steep gradient. Rearrangement of plasma toward the Earth bulges the tail eld in the plasma out to form the sheet structure Wiegelmann and Schindler, 1995] .
Recent particle and hybrid simulations show that the additional current is carried mainly by the electrons Pritchett and Coroniti, 1994 ; Hesse et al., 1996] and that the evolving current sheet thickness is governed by the ion scale Hesse et al., 1997] . Pritchett 1994] and Pritchett and Coroniti 1994 ] also did particle simulations of the magnetotail current sheet thinning as well as did Hesse et al. 1996 ] using hybrid simulations. From the fact that the cross-tail current is carried mostly by the hotter ions due to the drift motions in the magnetic eld during quiet times, Yoon et al. 1996 ] postulate that the current in a thin current sheet evolving in the presubstorm phase may also be largely carried by ions. They state that the guiding center drift of the ions is replaced by dramatically increased drift due to Speiser-type orbits. In contrast, using particle simulations, Pritchett 1994 ] and Pritchett and Coroniti 1994] nd that the additional current in the thin sheet is carried by the electrons, a feature also seen by Hesse et al. 1996] in hybrid simulations of thin current sheet formation.
In this work we investigate the formation of the magnetotail thin current sheet in a Hall-MHD model in order to further investigate the role of the current carriers (electrons and ions). We start from both electron-or ion-borne initial current. Following the explanation of the model in section 2, we present results of two-dimensional simulations in the rst part of section 3. Three-dimensional simulation results address whether the current sheet thinning found in two dimensions still persists in three dimensions although several changes do alter the magnetic eld and current distribution.
The Hall-MHD Model

The Hall-MHD Equations
We use Hall-MHD in a three-dimensional Cartesian grid. Normalizing the magnetic lobe eld to, say, B 0 40 nT, the velocity to the Alfv en velocity V A = B 0 = p 0 0 1000 km/s for a fully ionized proton plasma with particle density n 0 = 0:76 cm ?3 and the length to L = R E 6000 km we can normalize the pressure to P 
The coordinates x, y, and z correspond to ?X GSM , ?Y GSM , and Z GSM and run from 5 to 100 in x, -10 to 10 in y, and 0 to 10 in z. The Hall-MHD equations are integrated by means of the leapfrog method, a nite di erence method of second-order accuracy in space and time Potter, 1973; Birn, 1980] . The polytropic index for the isotropic pressure is chosen as = 5=3 for absence of heat ux. Electron pressure e ects can be neglected because the pressure term (/ 1= e rP e )
is curl-free in the initial equilibrium. This is due to the fact that P e is a function of as it is a fraction of P according to the amount of current J y carried by the electrons. Because of equations (1) and (3), if assumed for e and P e , this property remains true for all times, thus eliminating the electron pressure term from the induction equation (4). The ion skin depth c=! pi is assumed to be about 300 km or 0:05 in terms of the scale length L. In ideal Hall-MHD the magnetic ux is frozen into the electron ow V e (equal to the terms in brackets in equation (4)), and V, the plasma center-of-mass velocity, is equal to the ion velocity in this massless-electron approximation. The system is assumed symmetric, so only the upper half of the tail (z > 0) needs to be computed.
The simulations are carried out on a nonequidistant grid with varied resolutions: The number of grid points in x, NX, is 98 for low resolution ( x = 1), 203 for intermediate ( x = 0:475) resolution, and 303 for high resolution ( x = 0:2 for x < 30). In the z direction, NZ = 53 is used for low ( z = 0:05 at z = 0), 103 is used for intermediate ( z = 0:025), and 203 is used for high resolution ( z = 0:01). Threedimensional runs, however, always use NX = 103 ( x = 0:95), NY = 53 ( y = 0:4), and NZ = 73 ( z = 0:05 at z = 0). The explicit time integration scheme requires that information may only be carried to an adjacent grid point in a time step t, thus limiting t to =V max , with V max being the fastest phase velocity found in the HMHD system and being the smallest grid space in any direction see, e.g., Potter, 1973] . The fastest phase velocity, generated by the whistler mode, is proportional to the largest resolved wavenumber k = if k ! pi =c = 20 (V max V A kc=! pi V A Krauss-Varban et al., 1994] ). With as low as 0:01 (for z), we would expect the maximum time step to be drastically reduced compared with the MHD case, determined by the nondispersive fast-mode speed V max = p V A + C 2 S V A with C 2 S = P= . However, with B z < 0:1 the full e ect of the whistler mode (traveling fastest along eld lines) only starts to dominate for z < 0:01. Thus we can choose a time step of 0:005, about half of the MHD limit determined by the fast-mode velocity if we have z 0:01.
The Tail Compression
The system is subjected to the in uence of a driving electron ow V e;z , similar to what would be expected from the in uence of the solar wind after magnetopause reconnection has started. Instead of prescribing E, as done by Hesse et al. 1996] in hybrid simulations, we use the equivalence E+V e B = 0 to prescribe the electron velocity V e at the boundaries.
The spatial pro le of V e is shown schematically in Figure 1 . Its normalized magnitude (V 1 = 0:2V A ) is designed to enhance the magnetic ux through the near-Earth boundary by 20% (the method is the same as done by Hesse et al. 1996] ). The in ow is strongest in the midnight plane y = 0 at x min and linearly decreases to zero at the far-tail boundary x max :
V e,z Simulation domain and compression velocity. The simulation box contains the magnetotail current sheet and the lobes in a range 5 < ?X GSM < 100 downtail, ?10 < ?Y GSM < 10 across, and 0 < Z GSM < 10 (we compute only the upper half due to symmetry). The compression velocity V e;z (with pro le according to equations (6) and (7)) is prescribed at all boundaries except z = 0. 
The in ow velocity V e;z is prescribed at all boundaries. It rises from zero at t = 0 to its maximum at t 0 =2 = 30 A and returns to zero for t > t 0 = 60 (equation 7). For the 2-D simulations the y-dependent term in (6) is omitted. Free ow parallel to the boundaries is allowed, and perpendicular ow is set to zero. P, , and B (except for B y ) are extrapolated. The normal component of B at the boundaries is determined by imposing r B = 0. B y is set to zero at z max and x max . At x min we use either B y = 0 or (B r)B y = 0 in 2-D and extrapolation in 3-D. At z = 0, proper symmetry is assumed (B x ; B y ; V z ; J z antisymmetric and ; P; B z ; V x ; V y ; J x ; J y symmetric). In 3-D, the system is assumed to be periodic in y.
Initial Setup
The initial magnetic eld model for both the twoand three-dimensional runs is invariant in y and consists of a tail equilibrium with a dipole-like eld at the near-Earth boundary. The ux function (y com- Current density J y (gray scale) and magnetic eld lines of the initial con guration. The origin of the coordinate system is a singularity of the eld model (equations (8) - (10)) and may be identi ed with the Earth. The lengths (in x and y) are measured in Earth's radii.
The pressure P = ? 1 2 A 2 c exp(?2A y =A c ) + P L contains a lobe background pressure P L = 0:2. The mass density = 1 exp(?2A y =A c ) + L has a part proportional to the current with amplitude 1 = 4 in the sheet (giving a plasma sheet density of 1 in most of the tail and up to 2 in the near-Earth region). A background density L = 0:2 is added in the lobe to limit the Alfv en and sound velocities.
Results
While previous studies typically assume that the initial current is primarily carried by the ions, we here perform runs that employ both ions and electrons as initial current carriers. We are therefore able to study whether the type of the initial current carrier in uences the main current carrier found in the thin current sheet. This is a case-study, neglecting the fact that in the Earth's rest frame the current is shared between electrons and ions according to the temperature ratio between these two particle species see, e.g., Yoon et al., 1996] if the initial electric eld is set to zero and the equilibrium is Harris-like. In our case we allow an equilibrium electric eld E = ?V e B.
In the next section the two-dimensional evolution of a thin current sheet of a tail-like magnetic eld structure and its dependence on the initial current carrying species are investigated in Hall-MHD. Furthermore, we vary the near-Earth boundary conditions which determine magnetic eld and momentum in ux into the system.
The succeeding chapter, devoted to threedimensional simulations, will point out similarities and fundamental di erences between the two-and three-dimensional models we have found. In three dimensions the question arises whether the behavior found in 2-D survives or is changed due to threedimensional rearrangement of the magnetic eld transported by the electron uid in nonresistive Hall-MHD.
Two-Dimensional Simulations
The two-dimensional simulations represent a cut in the midnight meridional plane in Figure 1 and are carried out varying essentially two parameters: the uid carrying the initial current and the boundary condition chosen at the near-Earth boundary.
4.1.1. In uence of initial current carriers on sheet thinning. We rst present a simulation where the initial current is carried by the ions. In the case of a current entirely carried by the ions at t = 0, there is no large-scale equilibrium electric eld and the con guration is close to the observed case of the magnetotail where small electron temperature (T e =T i 1) translates into small electron drift e.g., Pritchett and Coroniti, 1994] . In this comparison between the initial current carriers we have imposed no-in ow boundary conditions for the plasma ow (V x = 0 at x min ) and the magnetic eld y component is set to zero (B y = 0) to minimize momentum transfer into the simulation domain, which is determined by the integral of B x B y over the x = x min plane Hesse et al., 1997] . Current density J y (gray scale) and magnetic eld lines after compression (t = 100). The current intensi cation is concentrated along eld lines crossing the equatorial plane (z = 0) between 15 and 30 R E downtail.
After the driving phase a thin current sheet has formed which is strongest in the region between 10 and 30 R E downtail. Figure 3 shows the current density after the driving phase and after subsequent relaxation of the system. Compared with the initial con guration the current density is enhanced locally by a factor of up to 3 on magnetic eld lines which cross z = 0 between x = 15 and x = 30. The current is the product of the electron density (equal to the ion density for a hydrogen ion plasma) and the di erence between ion and electron velocities J = n(V i ? V e ).
This di erence can be regarded as the sum of the currents carried by the ions (J i = nV i ) and the electrons (J e = ?nV e ).
A current change is here de ned as the di erence between the current at t = 100 A and its initial value (i.e., J y = J y (t = 100) ? J y (t = 0)). Change of the current density J y after compression (t = 100). J y after the perturbation. To illustrate the changes to the current carried by the both species, the differences between the nal electron and ion current contributions (at t = 100) and their values at t = 0 are shown Figure 5 .
Change to the electron current after compression of the lobe eld. The electron contribution is the main part of the total current change (shown in Figure 4 ).
Figures 5 and 6. The majority of the extra current, concentrated along near-Earth eld lines and on the equatorial plane in the tail plasma sheet, appears to be carried by the electrons. The minimum value of the common range in these current change plots (?2:13) is assumed by the total current change J (electron current change J e : ?1:87), and the maximum (+1:36) is found in the ion component J i . in Figure 6 . (4) and (5) (t = 100).
To address this point quantitatively, we integrated the current densities carried by the electrons and ions over the entire plane and compared their time behavior with the total current evolution. Figure 7 shows the time evolution of the current for this run with initial ion current. Together with the results discussed above, a signi cant increase in the total electron current is found, whereas the integrated ion current remains basically unchanged. This result can also be understood in terms of momentum conservation. Development of integrated currents (initial ion current). The electron current I el , which at t = 0 is zero in this case, again takes all of the change of the total current I tot: . The ion current I ion does not change much during the compression phase and here remains close to its initial (nonzero) value.
The total plasma momentum P inside the simulation domain evolves according to the surface integral of Maxwell's stress tensor dP d t = I dA BB ? VV ? P + B 2 2 1 (12) with the integration performed on the boundaries with dA, pointing outward from the simulation domain. In equilibrium this integral is zero for all components. The near-Earth boundary conditions for B y and V y control the amount of the y component of the plasma momentum entering the system. Especially B y = 0 at x min limits changes of P y as B x B y = 0 in the magnetic terms at x min in equation (12).
Figure 8. Time evolution of the plasma momentum P for B y = 0 at x min . P x and P z become large during compression t < 60 (left scale). The y component P y remains very close to its initial value P y (t = 0) ?2:64 for initial ion current (note the scale on the right). Figure 8 shows the three components of the plasma momentum P = R R Vdxdz for B y = 0 at x min and initial ion current during the driving phase (t < 60) and in the subsequent relaxation of the system (up to t = 120). The z component is induced by the driving and closely follows the time-dependence of the boundary condition for V z (equations (6) and (7)), which becomes V z = 0 after t = 60. The x component P x , the largest component resulting from the ow of the compressed plasma along the tailward eld lines, is also governed by the compression boundary conditions and decays fast after V z is set to zero at the boundaries.
In contrast, the cross-tail component P y remains close to its initial value all the time. The variation of P y in this case is below 1% of the initial value (P y (t = 0) = ?2:645) and very small compared with the amplitudes of the other components P x ; P z . The boundary conditions chosen in this case (B y = 0 at x min ) prohibit an e ective in ow of momentum P y through the magnetic eld into the system. The same behavior can be found for the case with initial electron current, where P y deviates from zero in the same order of magnitude ( 0:02).
Figure 9.
Development of integrated currents (initial electron current). During compression the total current (I tot , solid line) is intensi ed. The electron current (I el , dotted line with plus signs), which is identical to the total current at t = 0, takes all of the extra current. The ion current (I ion , dashed line with asterisks) remains nearly constant (here, close to zero), similar to I ion in Figure 7 .
As indicated above, we also performed runs where the initial current was carried by the electrons and by a combination of ions and electrons. These runs showed essentially the same behavior as above. As an example, Figure 9 shows the results of the current integration for the run with the initial current fully carried by the electrons in a format similar to Figure  7 . The current increase is again found entirely in the electron species, and the ion current remains at its initial (zero) value. Very similar results are also found for mixed initial current carriers, as might be expected. In summary, we found that independent of the initial current carrier, the increase of the total cross-tail current is taken by the electron current for the choice of boundary conditions adopted here. 4.1.2. In uence of boundary condition for B y at x min . We take the initial ion current case and relax the rather stringent boundary conditions of zero B y at the near-Earth boundary (x min ) and assume that (B r)B y = 0, thereby allowing B y 6 = 0, which is constant along magnetic eld lines. The condition B y = 0 corresponds to a very rigid inner magnetosphere whose magnetic eld is likely to constrain the formation of any B y which may evolve within the near-Earth magnetotail. On the other hand, the free boundary condition does not impose any preferred value for B y , which re ects a very exible inner magnetosphere. Figure 10 . Time evolution of the plasma momentum P for B y 6 = 0 at x min . The boundary condition for B y chosen in this case allows for a slightly larger in ow of plasma momentum P y into the system, while the other components appear unchanged compared with Figure 8 .
Since now the magnetic eld B y is allowed to evolve freely at the boundary at x min , the y component of the integral of equation (12) may become large due to the magnetic term B x B y 6 = 0 at x min , and ions can be accelerated to carry a signi cant fraction of the current J y . Figure 10 shows the time evolution of the plasma momentum components (initial ion current as in Figure 8) for the boundary condition (B r)B y = 0 at x min . As expected, this boundary condition, which allows for nonzero B y , results in a larger change in P y from its initial value. However, though this change is higher by a factor of 10, it is still negligible compared with both the initial value of P y and the other components P x ; P z . These conditions do not change if the electrons carry the initial current (as well as mentioned before for B y = 0 at x min ).
The associated magnetic eld B y found in the cases with B y 6 = 0 at x min is shown in Figure 11 for t = 100.
In the case B y = 0 at x min the magnitude of B y inside the computation domain is reduced by a third but looks essentially the same. 4.1.3. Structure of the thin current sheet.
On the basis of hybrid simulations, Hesse et al. 1996 ] concluded that the current sheet forming through compression in the tail assumes a nite thickness, unlike thin current sheets found after perturbation of one-dimensional equilibria like the Harris sheet Hahm and Kulsrud, 1985] . Hesse et al. found that the thickness of the thin current sheet nally reaches the order of the ion Larmor radius r L = m i V i =eB 0 R E =10 500 km, with ion thermal velocity V i 2 10 6 m/s and taken in the tail lobe magnetic eld B 0 40 nT. Similar thicknesses are also found in our Hall-MHD simulations. To test the validity of the results, we varied, for runs with initial electron current and B y = 0 at x min , the grid resolution to be well below the sheet thickness found in low-resolution simulations. Figure 12 shows cross sections at constant x through the plasma sheet for di erent grid resolution in z (for t = 100 and initial electron current as in Figure 3 ). The similarity of the current pro les (J y ) between the runs proves that the thin current sheet thickness is independent of the grid resolution. The nest resolution in z is equal to z = 0:01 (with equidistant grid for z < 1 as well as for z = 0:025), and the coarsest is z = 0:05, which is still smaller than the thin current sheet width of about 0:2 found in all the simulations (see also As the current sheet is aligned with the eld lines which are stretched in the x direction, a cut along x through the current sheet plotted in Figure 13 for di erent resolutions in x shows that the sheet is wellresolved in all cases. The broad distribution of the current found in low-resolution runs ( x = 1) near the x axis (here at z = 0:5) persists even in higher resolution ( x = 0:5 and 0:2), suggesting that the current sheet is su ciently represented in all cases.
Three-Dimensional Simulations
The three-dimensional simulations were also started from the two-dimensional magnetotail model. Periodic boundary conditions are applied at y min and y max . The same conditions as used in the 2-D runs are applied at the other boundaries. B y is set to zero at x min in all runs, and the current is initially carried by the ions unless otherwise noted. The evolution of the thin current sheet in three dimensions is altered compared with the two-dimensional cases by the following e ects: Figure 14 .
Current J y across the tail. The total current J y is shown in three layers, z = 0, z = 0:5, and z = 1, to represent the current distribution in the plasma sheet after three-dimensional compression of a current sheet initially carried by electrons. At t = 80 after compression, the evolving thin current sheet extends almost uniformly all the way across the simulation domain due to magnetic ux redistribution (with min(J y ) ?2 for jyj < 5).
1. The in ow velocity V z (or the applied electric eld E y ) varies with y and vanishes at the boundaries y min and y max , thus reducing the added magnetic ux relative to the original ux through the near-Earth boundary for a given ow amplitude V 1 . This modulation qualitatively represents the variation with y of the component of solar wind E y , which is tangential to the magnetopause. As the invariance in y of the two-dimensional con guration is lost, the magnetic ux transported toward the tail current sheet midplane (z = 0) can now evade compression by moving in the y direction away from the midnight plane (y = 0) where the in ow is strongest. Thus the current intensi cation is potentially reduced in the midnight plane. This ux redistribution is independent of the presence of the Hall term in the induction equation and leads to a y symmetric structure. The distribution of the total current J y in Figure 14 shows this redistribution e ect in a broad sheet of enhanced current with a distribution in the y direction which is wider than the compression velocity prole of equation (6) Change of the electron current J e;y at x = 15. For the case with initial ion current after t = 80 the electron current shows considerable asymmetry due to the enhanced electron current in the thin current sheet, which moves magnetic ux to one side of the simulation domain.
2. In addition to the magnetic ux redistribution due to three-dimensional compression within the tail cross section, the enhanced electron ow in the thin current sheet locally redistributes magnetic ux in the cross-tail plane. This e ect is found in Hall-MHD (or more comprehensive) models when the electron cur-rent is enhanced by driving. Figure 15 shows the distribution of the electron current change in a cross-tail plane at x = 15 (for the run with initial ion current). The electron current and the associated magnetic eld (not shown) are swept to one side of the simulation box (y > 0), giving this asymmetric structure. The strongest currents are found away from the midnight plane, in contrast to MHD without the Hall term. However, the asymmetry e ect on the total current distribution (Figure 14) remains small due to small electron velocities. Figure 16 .
Change of the electron current at x = 15. For initial electron current the change of the initial electron current at t = 100 is very similar to Figure 15 , showing that the tail compression acts nearly in the same way, regardless of the initial current carrier.
3. Independent of the e ects of the compression described in e ect 2, a transport across the tail always takes place if the initial current is carried by the electrons. In equilibrium this electron ow is constant on magnetic eld lines, and so in a twodimensional (y-independent) con guration the distribution of magnetic ux remains unchanged. As soon as this equilibrium is perturbed in three dimensions, any three-dimensional structure will be swept along y also by the initial electron velocity in addition to current intensi cation e ects (i.e., enhancements of electron velocity). Figure 16 shows the distribution of the electron current change J e;y of an electron current run in the same plane (x = 15) as Figure 15 . Compared with the change of the electron current in Figure 15 , there is not much di erence. Thus the effect of transport by the equilibrium electron ow on the total current distribution is small. In a strong cross-tail equilibrium electron current we would expect that magnetic ux which is added to the system near the midnight plane y = 0 from the tail lobes (z max ) is transported across the tail. Thus the magnetic ux will be enhanced preferably on the downstream side of the current. One could imagine that in an extreme case of electron current concentration the magnetic eld structures and the current may be transported across the periodic boundaries y min and y max to be fed back into the system at the other side due to periodicity. This is not the case, as the velocity V e;y associated with the electron current remains small enough that this e ect could not be observed, rendering the periodic boundary conditions in y appropriate. Magnetic eld B y after compression. The asymmetry of the magnetic eld component B y with respect to y is shown in a small part of the current sheet region (case with initial electron current). The additional electron currents in the thin sheet (see Figure 14) lead to a higher concentration of B y within y > 0 compared with y < 0, which is re ected in the associated currents J e;y in Figure 16 and J x in Figure 18 . However, this cross-tail ux transport is observable if we look at B y , which is initially zero and thus is generated largely by Hall currents. Figure 17 shows the distribution of the magnetic eld B y in three sheets (at z = 0:58, 0.67, and 0.76) at t = 100 in a run with initial electron current. Both Hall MHD e ects mentioned here contribute to a deviation of up to 30% from exact antisymmetry of B y in y which would be absent in MHD without a Hall-term. This asymmetry can only be clearly seen in changes of quantities which are zero at t = 0, such as the change of the electron current J e;y (Figures (15) and (16)) or the tailward current J x . The current J x shown at x = 15 in Fig-ure 18 ows along the tail and is associated with the magnetic ux B y shown in Figure 17 and exhibits the same deviation from exact antisymmetry as B y . The deviation from symmetry with respect to y remains small in J y , which is nonzero at t = 0.
Figure 18.
Current J x along the tail seen at x = 15, shown here for the run with initial electron current. The thin current structures seen in Figure 16 and the magnetic eld B y of Figure 17 are re ected in the currents along the tail which connect to the crosstail currents.
The three-dimensional simulations generally show the current sheet formation found in two-dimensional models. The resulting current amplitude at y = 0 (min(J y ) = ?2:0 for jyj < 5) is smaller compared with the 2-D case (min(J y ) = ?2:5), as the compression velocity pro le is only concentrated in the region near y = 0. However, plasma can evade compression in the y direction to form a thin current sheet extending farther in y than the compression velocity pro le applied. The dominant e ect in Hall-MHD is the nely structured cross-tail current J y , which is accompanied by a strong earthward or tailward current J x . In three dimensions this current distribution loses symmetry with respect to y, and the current J x and changes of J y and J e;y are enhanced on one side of the tail together with the magnetic eld B y .
Summary and Discussion
In this work we studied the formation of a thin current sheet in the near-Earth magnetotail in a presubstorm environment. It is known that a compression of the magnetotail due to added magnetic ux from dayside reconnection added to the tail lobes generates a sheet of highly concentrated cross-tail current as observed by satellites Mitchell et al., 1990; Pulkkinen et al., 1994; Sanny et al., 1994] . In MHD simulations this compression is administered by imposing an electric eld (E = V B) at the near-Earth boundary. In ideal MHD, Birn et al. 1998 ] and in a series of quasistatic equilibria Wiegelmann and Schindler 1995] have shown that this thin current sheet forms where the magnetic ux volume increases rapidly from the dipole-like eld of the inner magnetosphere to the tail magnetic eld.
To test whether the current sheet found also in particle and hybrid simulations Pritchett and Coroniti, 1994; Hesse et al., 1996] is mainly carried by the electrons and to determine the sheet thickness, we carried out Hall-MHD simulations. In contrast to ordinary MHD, which is length scale-invariant, in Hall-MHD the ion skin depth compared with the macroscopic scale determines the magnitude of the Hall term in the magnetic induction equation.
To study the role of the initial current carrier, we carried out two-dimensional simulations starting either with an ion-borne initial current or with an electron-carried current. The changes of the total current and its contributions carried by the two species look essentially the same: Regardless of initial current carrier, the electrons carry most of the additional current in the plasma sheet due to the increased lobe ux. Our results agree with previous results obtained with particle and hybrid simulations Hesse et al., 1996; Pritchett and Coroniti, 1994] . Surprisingly, this result is only weakly in uenced by the boundary condition for B y at the near-Earth boundary (x min ). If we impose the boundary condition of a sti inner magnetosphere (B y = 0), no momentum can enter the simulation domain through the boundary at x min . A signi cant change of the y component P y of the plasma momentum is required to accelerate ions across the tail to carry additional current. With B y = 0 at the near-Earth boundary, the magnetic term of Maxwell's stress tensor (B x B y ) is zero, and P y changes only slightly due to the velocity terms (/ V y V z at z max ). If B y 6 = 0 at x min , the term / B x B y at x min also contributes to changes of P y , but still, the changes remain small compared with the other momentum components or with P y of the ion motion in the initial ion-current case.
If the system tries to reach a new equilibrium in 2-D, the magnetic eld B y must become constant on eld lines. The symmetry properties of Hall-MHD require, however, that B y has to be antisymmetric with respect to the equatorial plane. Accordingly, the Hall magnetic eld component B y has to vanish altogether for the system to reach equilibrium. Although the B y = 0 boundary condition in the two-dimensional cases might appear arti cial, in the long run the convergence to a new equilibrium state is ensured. Computing q < B 2 y > for runs with both boundary conditions shows that the B y = 0 condition leads to a decrease right after the driving is nished, and B y 6 = 0 allows q < B 2 y > to rise further for a limited time before it also decreases to approach B y = 0 asymptotically, which is realistic as the inner magnetosphere might limit the Hall-current-induced B y due to linetying.
In three dimensions the situation is somewhat different, in general, as the three-dimensional compression already generates a nonzero B y without a Hallterm in the magnetic eld induction equation. So in Hall-MHD the eld B y may be decomposed into two parts with di erent symmetry properties with respect to y = 0: An antisymmetric part is due either to the three-dimensional compression of a twodimensional initial eld (with a y-symmetric V z ) or to a more realistic start con guration containing a three-dimensional dipole-like eld in the inner magnetosphere. The other part of B y is connected with the cross-tail electron current and is generated by the Hall term in the induction equation. Its symmetry property with respect to y = 0 is not de ned (as seen from our simulations), and this part of B y might as well, as in two dimensions, be bound to be constant on eld lines or vanish altogether in a nal equilibrium state (due to symmetry properties with respect to z = 0).
Overall, the current sheet thinning found in two dimensions also could be observed in three dimensions. We applied a compression which varied in the cross-tail direction y but found a thin current sheet with almost the same current intensity across a large portion of the tail cross section. As the plasma and the magnetic eld are allowed to redistribute in the tail cross section of the simulation box, the intensity of the current in the thin sheet becomes somewhat weakened compared with the 2-D cases by the cross tail. The redistribution of the added magnetic ux in the y direction generates a broader current sheet than the driving velocity pro le.
Because of the Hall-term in the induction equation, the intensi cation of the electron current density is not symmetric anymore. So the peak electron current does not appear right in the midnight plane but is displaced to one side of the tail. The current sheet thinning e ect found in two-dimensional MHD and Hall-MHD simulations and in three-dimensional MHD simulations was con rmed to be present in a three-dimensional Hall-MHD framework as well.
Our approach, starting from a two-dimensional tail-equilibrium, however, has yet to be expanded to incorporate the full three-dimensional structure of the magnetotail magnetic elds. The periodicity in the y direction used in our approach needs to be replaced by re ned boundary conditions, and a larger simulation domain size in the tail cross section might be necessary. Only the full inclusion of a larger section of the inner magnetosphere and nally the ionosphere can ultimately provide the correct conditions for the magnetic eld B y self-consistently. This requires a large-scale simulation approach at high spatial resolution, both in the magnetotail current sheet and in the inner magnetosphere and ionosphere, which computer resources to date cannot provide. Our model presented in this work, however, provides new insight into the formation of thin current sheets in a threedimensional magnetotail, and we expect the results to hold in a fully realistic global model as well.
